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We fabricated a series of glasses with the composition 94.7-GeO2-5Al2O3-0.3Bi2O3-PbO =0–24 mol. % .
Characteristic absorption bands of bismuth centered at 500, 700, 800, and 1000 nm were observed. Adding PbO
was found to decrease the strength of bismuth absorption. The addition of 3%–4% PbO resulted in a 50% in-
crease in lifetime, a 20-fold increase in quantum efficiency, and a 28-fold increase in the product of emission
cross section and lifetime on the 0% PbO composition. We propose that the 800 nm absorption band relates a
different bismuth center than the other absorption bands. © 2008 Optical Society of America
OCIS codes: 300.2530, 140.3380.d
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t. INTRODUCTION
he invention of the erbium doped fiber amplifier (EDFA)
n 1987 [1] was instrumental in allowing long distance
ata transmission through silica fiber and was a signifi-
ant improvement on electronic repeaters that required
onversion between optical and electronic signals. By a
uirk of nature an emission band of erbium, which dic-
ates the gain bandwidth of the EDFA, sits neatly in the
ow-loss window of silica. The technology behind silica fi-
er is now mature; its structure and properties are well
nderstood, and the loss achievable in silica fiber comes
lose to its theoretical minimum. Until recently the pres-
nce of the hydroxyl impurity in silica introduced an over-
one absorption around 1400 nm that effectively divided
he region of lowest attenuation into two separate win-
ows. In 1998, Lucent Technologies introduced the All-
ave fiber that contains less than 1 part in 109 hydroxyl
ons. This ultradry fiber effectively gives one continuous
ow-loss window spanning 1200–1600 nm. The gain
andwidth of the EDFA spans only a small fraction of this
ontinuous low-loss window. Doping with other rare
arths could allow wavelengths not covered by the EDFA
o be used, but problems associated with the vibrational
tructure of silica prevent its use as an amplifier medium
hen doped with ions such as praseodymium, thulium,
nd dysprosium. Efficient optical amplification can be ob-
ained from these dopants in nonoxide glass hosts; for in-
tance, a praseodymium doped fiber amplifier with a sig-
al gain of 40 dB at 1.3 m [2] and a thulium doped fiber
mplifier with a maximum gain of 28 and 35 dB at 1.47
3] and 1.65 m [4], respectively, have been demon-
trated. However, the gain bandwidths of these devices
re still relatively narrow, and they have poor compatibil-
ty with a silica based fiber. Fiber Raman amplifiers can
chieve broadband amplification in silica glass; however,
hey require high pump powers and complex pumping
chemes. One possible solution is to use a fiber amplifier0740-3224/08/081380-7/$15.00 © 2oped with an ion that has a broad emission band that
ould replace or complement the EDFA. Transition metals
re well known for their broad absorption and emission
ands, for example, vanadium doped gallium-lanthanum-
ulphide (V:GLS) glass displays emission centered at
1500 nm with a full width at half-maximum (FWHM) of
500 nm [5]. However, similar to other transition metal
oped glasses, V:GLS has a relatively low quantum effi-
iency (QE) and a lifetime of 4% and 30 s, respectively;
his indicates that it may have a high laser threshold.
Recently, Fujimoto and Nakatsuka [6,7] discovered a
ew broadband infrared emission from bismuth-doped
ilica glass and demonstrated 1300 nm optimal amplifica-
ion with 800 nm excitation. Later, bismuth-doped glasses
tarted to attract much attention since Dianov et al. [8]
emonstrated laser action between 1150 and 1300 nm in a
ismuth-doped aluminosilicate fiber. Ultrabroad emission
ith an FWHM of 600 nm has also been observed in a
ismuth-doped soda-lime-silicate glass [9]. This implies
he exciting possibility of developing a broadband optical
ber amplifier based on bismuth-doped glass for use in fi-
er optic communications that could overcome the prob-
em of limited gain bandwidth of the EDFA. The optical
roperties of a variety of bismuth-doped glasses including
eO2-SrO-Al2O3 [10], Li2O-Al2O3-SiO2 [11], and
2O3-BaO-Al2O3 [12] have been investigated. Of these,
ermanate glasses are particularly attractive because op-
ical amplification has been demonstrated in them [13],
nd the change of host from silica to germanium can
reatly enhance the transmittance of the glass and reduce
he melting temperature [14]. It has been reported that
he maximum transmission of bismuth-doped silicate
lass, prepared by the conventional melt-quench tech-
ique, was 30% in a 2 mm thick sample; this was due to
ubbles in the glass [6]. For the bismuth-doped lead-
ermanate glass in this paper; we found a maximum
ransmission of 80% in a 5 mm thick sample. In bismuth-008 Optical Society of America
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Hughes et al. Vol. 25, No. 8 /August 2008 /J. Opt. Soc. Am. B 1381oped crystals, assignment of the bismuth oxidation state
as generally been made unambiguously. In bismuth-
oped glasses near-infrared emission has often been ob-
erved; however, there is a lot of uncertainty as to the oxi-
ation state of bismuth in glasses, and most of the
xidation state assignments were made tentatively. The
ear-infrared emission of bismuth-doped glasses has been
ttributed to Bi+ [12], Bi5+ [6,15], and bismuth metal clus-
ers [16].
In this paper we demonstrate an improvement to the
i2O3 doped GeO2-Al2O3 (GAB) glass system, in which
roadband optical amplification has already been demon-
trated [13], through the addition of PbO, which is now
eferred to as GAPB glass. To the best of our knowledge
his paper is the first time the optical properties of
ismuth-doped lead-germanate glass have been reported
nd the first time the QE as a function of glass composi-
ion for a bismuth-doped glass has been reported. We ini-
ially tried reproducing the GAB glass reported in [13].
fter finding that the bismuth appeared to be inhomoge-
eously distributed we tried various codopants including
iO and PbO to improve this. Both of these codopants im-
roved the homogeneity; however, LiO reduced the emis-
ion intensity, whereas PbO increased it and gave an un-
xpected color change. This led to the experiments
eported in this paper. In this paper we measured the ab-
orption, emission, and lifetime of 16 samples with PbO
ontents between 0% and 24% at excitation wavelengths
f 514, 700, 800, and 974 nm. For the sake of clarity and a
ractical number of figures we have shown different PbO
ontent glasses in the various figures in order to highlight
he trends we observed.
. EXPERIMENTAL
. Glass Melting
AB and GAPB glasses were prepared by mixing
4.7-GeO2-5Al2O3-0.3Bi2O3-PbO =0–24 mol. %  in a
ry-nitrogen-purged glove box. The glasses were then
elted in an electrical furnace, with an N2 atmosphere, in
lumina crucibles. Subsequently the glass melts were
uenched by pouring them onto stainless steel plates pre-
eated to 450°C. Each glass was then annealed at 600°C
or 3 h. Finally the glasses were cut to a size of around
0 mm20 mm2.5 mm and then well polished with
rogressively finer wet polishing paper. The melting tem-
erature for the 0% PbO (GAB) glass was 1540°C. The
elting temperature for the 24% PbO glass was 1200°C,
ising to 1370°C for the 2% PbO glass. However, differen-
ial thermal analysis (DTA) of the glasses indicated that
he melting temperature for all the PbO containing
lasses was around 1170°C. The increase in melting tem-
erature with a decreasing PbO content was necessary to
acilitate pouring of the glass, since the viscosity of the
lass increased significantly with a decreasing PbO con-
ent. Glasses with 0% PbO were dark brown in appear-
nce; with PbO concentrations up to 3%, the glasses were
n opaque dark pink. Glasses with a 4%–12% PbO con-
ent were a translucent pale pink, which became progres-
ively paler with an increasing PbO content. Above 12%
he PbO content of all the glasses appeared colorless. We
hose a fixed composition of 5% Al O in this paper be-2 3ause this has been shown to maximize the emission life-
ime and intensity in GAB glass [17].
. Spectroscopic Measurements
bsorption spectra were taken on a PerkinElmer Lambda
00 spectrophotometer over a range of 175–3300 nm with
resolution of ±0.1 nm. Various laser sources were used
o obtain photoluminescence (PL) spectra: a 974 nm
urakawa laser diode, a Coherent 890 Ti:sapphire laser
uned to 700 or 800 nm, and a Spectra-Physics argon ion
aser tuned to 514 nm. The 974 nm laser source was elec-
ronically modulated, giving a 1/e fall time of 250 ns,
hereas the 514, 700, and 800 nm laser sources were fo-
used with a microscope objective and modulated with a
echanical chopper at the focus waist, which gave a 1/e
all time of 50 s. PL spectra were obtained by dispers-
ng the fluorescence generated by laser sources in a Jasco
T-25C monochromator that used a 600 lines/mm grating
lazed at 1000 nm; the slit width was 1 mm that corre-
ponded to a resolution of 10 nm. The 974 nm excitation
as blocked with a 980 nm notch filter, and the 514, 700,
nd 800 nm excitation was blocked with an 850 nm long
ass filter. Detection was realized with a Hamamatsu
9170 NIR photomultiplier tube (PMT), with a fall time
f 1.7 ns, coupled with standard phase sensitive detection.
ll spectral measurements were corrected for the wave-
ength dependent response of the measurement system by
alculating a correction spectra C with C
Ical /Imeas, where Imeas is the luminescence spec-
rum of an Ushio calibrated white light source measured
y the detection system, and Ical is the luminescence
pectrum of the calibrated white light source supplied by
he manufacturer. Transient fluorescence measurements
ere made with the same system used for spectral mea-
urements, except the transient signal was captured with
Yokogawa DL1620 200 MHz oscilloscope and averaged
10,000 times.
QE measurements were taken with the same system
sed for spectral measurements, except the samples with
imensions of 3 mm3 mm1 mm were placed in a
absphere 4P-GPS-040-SF integrating sphere with a di-
meter of 10 cm, and the signal was detected with a
amamatsu G5852-11 InGaAs detector. The samples
ere mounted behind a baffle such that there was no di-
ect line-of-sight between the sample and the exit port
nd angled such that reflected excitation light was di-
ected away from the entrance port. A “photons out/
hotons in” method similar to that described in [18,19] for
alculating the QE was used. The number of photons ab-
orbed was taken to be proportional to the difference be-
ween the area under the laser line spectra with the
ample present Isample and without the sample
resent Isphere. The number of photons emitted was
aken to be proportional to the area under the emission
pectra IPL. The spectra were corrected with a correc-
ion spectra C. A correction for photon energy was
lso made since a higher photon flux is required at longer
avelengths to produce the same irradiance per unit area
s at shorter wavelengths by multiplying by the wave-
ength. Hence the QE   was calculated withQE
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 IPLCd
 IsphereCd − IsampleCd
. 1
here was found to be a lot of variability in the QE mea-
urements of the weakly absorbing samples; this was
aused by difficulty in measuring the amount of excitation
aser light that was absorbed. To overcome this, laser line
pectra were taken up to ten times for each QE measure-
ent and 10–15 QE measurements were made for each
ample, totaling 1500 spectra for the QE measurements
n this paper. Differential scanning callorimetry (DSC)
easurements were made with a Rigaku Thermoplus
SC 8270. Refractive index measurements were made
ith a Metricon 2010 prism coupler.
. RESULTS AND DISCUSSION
. Absorption Measurements
igure 1 shows the absorption spectra of some GAPB
lasses with various PbO concentrations. Four main ab-
orption bands centered around 500, 700, 800, and
000 nm are identified, which is similar to the character-
stic bismuth absorption observed in other glasses
10,11,20]. It can be seen that as the PbO content in-
reases the absorption bands attributed to bismuth tend
o decrease in strength. This might occur because the ad-
ition of PbO may permit the bismuth dopant to be incor-
orated as a structural component of the glass, rather
han an optically active ion, since many authors have pro-
osed a structural similarity between lead-rich and
ismuth-rich glasses [21]. It is also noted that the trans-
arency of the glass increases with an increasing PbO
ontent.
ig. 1. (Color online) Absorption spectra of GAPB glasses with
arious PbO concentrations. The identified bismuth absorption
ands are indicated with arrows. Inset shows a close-up of the
eakly absorbing samples.. Emission Spectra Measurements
igure 2(a) shows the PL spectra of some GAPB glasses
ith various PbO concentrations taken using a 974 nm la-
er excitation source. One main emission band can be ob-
erved centered at 1100 nm; this emission band is ob-
erved in all the glasses except the 24% PbO glass. A
eaker emission band that peaks between 1330 and
475 nm and varies in relative intensity with the PbO
ontent of the glass is also observed. A 1330 nm emission
and is apparent in the 0% PbO content glass, which then
ades in glasses with a 2%–10% PbO content. As the PbO
ontent is increased past 10% (not shown for clarity) an
mission band peaking at 1475 nm is observed; the inten-
ity of this band steadily increases with the PbO content.
n Fig. 2(b) the emission spectrum of the 0% PbO content
lass has been deconvoluted with two Gaussians. The fit
f the two Gaussians, which are centered at 1090 and
330 nm, is very consistent with the observed spectrum.
mission peaks at 1100 and 1350 nm have also been ob-
erved in bismuth-doped Li2O-Al2O3-SiO2 glass under
00 nm excitation [11]; however, the 1350 nm band was
lmost as intense as the 1100 nm band. The deconvolu-
ion of the emission spectrum of the 22% PbO glass (not
hown) revealed two Gaussians centered at 1110 and
475 nm; however, it is unclear if this 1475 nm emission
and is a re-emergence of the 1330 nm emission band ob-
erved in the 0% PbO content glass that has been red-
hifted or a separate emission band related to a different
henomenon. Increasing the PbO content from 22% to
4% causes the emission spectra to undergo a dramatic
(a)
(b)
ig. 2. (Color online) (a) PL spectra, excited at 974 nm, of GAPB
lasses with various PbO concentrations. (b) Deconvolution of
he emission spectrum of the glass with a 0% PbO content with
wo Gaussians.
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Hughes et al. Vol. 25, No. 8 /August 2008 /J. Opt. Soc. Am. B 1383hange. The peak shifts from 1100 to 1000 nm and the
idth decrease sharply. It is noteworthy that this dra-
atic change in emission occurs at 24% PbO, where the
eO2-PbO ratio is 2.95 since a GeO2-PbO ratio of near 3
as been identified as an optimum ratio for stable glass
ormation by analysis of the phase diagram of the
eO2-PbO binary system [22]. We therefore tentatively
uggest that a phase change is responsible for the change
n emission spectrum.
Figure 3 shows the bismuth emission spectra from a
0% PbO sample, excited at wavelengths of 514, 700, 800,
nd 974 nm, which roughly equates to exciting into each
f the four absorption bands identified in Fig. 1. It ap-
ears that 700 nm excitation activates the same charac-
eristic 1100 nm emission band as 974 nm excitation, but
he 1475 nm emission band is less apparent. The emission
pectra from 700 nm excitation for PbO concentrations of
% to 24% (not shown) were roughly similar to the spec-
rum in Fig. 3. Excitation at 800 nm appears to activate a
ingle 1250 nm emission band; this is similar to the emis-
ion observed from 75B2O3-20BaO-5Al2O3-2Bi2O3 glass
nder 808 nm excitation [12]. Under 514 nm excitation a
200 nm emission band is observed. In the emission spec-
ig. 3. (Color online) PL spectra, excited at 514, 700, 800, and
74 nm, of GAPB glasses with a 20% PbO content.
ig. 4. (Color online) Emission FWHM as a function of the PbO
ontent for various excitation wavelengths. Curves are a guide
or the eye.ra from 514 nm excitation for PbO concentrations of 2%–
0% (not shown) a single 1100 nm emission band was ob-
erved, which was broadly similar to the emission spectra
or 700 and 974 nm excitation shown in Fig. 3.
Figure 4 shows how the width of emission varies as a
unction of the PbO content for the different pump wave-
engths. Excitation at 974 and 700 nm gives similar de-
endencies on the PbO content as do 800 and 514 nm ex-
itation. For 974 nm excitation the addition of PbO
nitially reduces the emission width from GAB glass,
here it remains constant until 12% PbO, after which it
teadily increases to reach a maximum at 22% PbO.
. Emission Lifetime Measurements
igure 5 shows the emission decay profiles of GAPB
lasses with 3% and 22% PbO contents. The fluorescence
ecay profiles were found to be nonexponential but could
e accurately described using the stretched exponential
unction
It = y0 + I0 exp−  t
0
 , 2
here I0 is the initial fluorescence intensity, y0 is the off-
et, 0 is the characteristic fluorescence lifetime, and  is
he stretch factor. The closer  is to zero the more the
unction deviates from a single exponential. The stretched
xponential function has been shown to describe many re-
axation processes in amorphous and crystalline materi-
ls, such as nuclear relaxation [23], magnetic susceptibil-
ty relaxation [23], fluorescence decay [5,24–28], and
hotoinduced dichroism [29]. Though stretched exponen-
ial behavior has been observed in many relaxation pro-
esses, particularly in disordered materials such as
lasses, there has been considerable debate as to the
hysical interpretation of the characteristic lifetime 0
nd stretch factor . Stretched exponential relaxation is
ommonly interpreted as a sum of pure exponential de-
ays with a probability distribution P of  lifetime values
or a given value of  [30]. Recently, the probability dis-
ribution P0 / of the stretched exponential function for
ifferent  values have been calculated [30–32]. Analysis
f these distributions leads to the following physical inter-
ig. 5. (Color online) Emission decay profiles of GAPB glasses
ith PbO contents of 3% and 22%.
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1384 J. Opt. Soc. Am. B/Vol. 25, No. 8 /August 2008 Hughes et al.retations: that 0 is that , which is equally likely to be
ess than 0 as it is to be greater, and that  is a measure
f the intrinsic long lifetime cutoff of P0 / , [30].
Figure 6 shows the emission lifetime measured at ap-
roximately the peak of the emission. For 974 nm excita-
ion there is an initial 50% increase in lifetime with the
ddition of PbO that then steadily decreases to approxi-
ately the 0% PbO value at 22% PbO, before increasing
gain at 24% PbO. There is a very similar trend for
00 nm excitation, with the exception of 24% PbO, which
as already been identified as a special case. The trend
or 514 nm excitation is similar to the trend for 700 and
74 nm excitation but with longer lifetimes. However, the
rend for 800 nm excitation is different from other excita-
ion wavelengths with the maximum lifetime occurring at
10% PbO.
Figure 7 shows the detection wavelength-dependent
ifetime of the 5% PbO content glass at the four different
xcitation wavelengths. The trends for 514, 700, and
74 nm excitation follow a broadly similar pattern with
he maximum lifetime occurring at slightly longer wave-
ig. 6. (Color online) Emission lifetime, detected at the emis-
ion peak, as a function of the PbO content for excitation wave-
engths of 514, 700, 800, and 974 nm. Curves are a guide for the
ye.
ig. 7. (Color online) Lifetime spectra of 5% PbO GAPB glass
or excitation wavelengths of 514, 700, 800, and 974 nm. Curves
re a guide for the eye.engths than the maximum emission intensity; the life-
ime then reaches a minimum at around 1400 nm and
hen increases at longer wavelengths. For 800 nm excita-
ion the general trend is for a steadily increasing lifetime
ith an increasing detection wavelength, with a small in-
rease close to the emission peak at 1250 nm.
. Quantum Efficiency Measurements
igure 8 shows the QE of GAPB glasses, excited at
74 nm, as a function of the PbO content of the glass. The
rror bars show one standard deviation from the mean.
e chose to use 974 nm excitation for the QE measure-
ents because broadband optical amplification has been
emonstrated in GAB glass using 974 nm excitation [13].
igure 8 also shows the product of the peak emission
ross section and the emission lifetime em, which is an
mportant parameter for a gain medium since it is in-
ersely proportional to the laser threshold [33]. The peak
mission cross section em was estimated from the
üchtbauer–Landenburg equation by assuming a
aussian-shaped emission band [34] and is given by
em =	ln 2
	
0
2
4	n2rad
v
, 3
here 0 is the peak emission wavelength, 
v is the
WHM of the emission in units of energy, n is the refrac-
ive index, c is the speed of light, and rad is the radiative
ifetime calculated from the measured lifetime  by rad
 /QE. Figure 8 shows that the QE has a similar depen-
ence on the PbO content as the lifetime. This indicates
hat the radiative rate remains constant, and the nonra-
iative rate increases as the PbO content is increased;
his could be caused by an increase in maximum phonon
nergy as the PbO content is increased. An increase in
aximum phonon energy would increase the probability
f nonradiative decay by decreasing the number of
honons required for a multiphonon emission process.
he QE has a peak of 60% at 4% PbO; this represents
20-fold increase in QE on GAB glass. These QE mea-
urements compare to 11% for bismuth doped
i2O-Al2O3-SiO2 glass when excited at 974 nm [35]. Con-
idering how the emission spectra changes as a function
f the PbO content, it appears that when the long wave-
ig. 8. (Color online) QE and em as a function of the PbO con-
ent. Curves are a guide for the eye.
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Hughes et al. Vol. 25, No. 8 /August 2008 /J. Opt. Soc. Am. B 1385ength component of the emission is present, as in 0% and
0%–22% PbO, the QE is reduced. Comparing Figs. 4, 6,
nd 8 indicates that an increase in lifetime and QE occurs
ith a narrowing emission width. The em product has a
eak of 2.410−24 cm2 s at 3% PbO; this represents a
8-fold increase on GAB glass. However, glass at this
omposition has low transparency and is difficult to
repare; further development of the glass fabrication
rocess could overcome this, but as a compromise
9GeO2-6PbO-5Al2O3-0.3Bi2O3 glass is suggested for fur-
her development as a gain medium. The peak em of
2.410−24 cm2 s declared in this paper is slightly lower
han the em for bismuth emission reported by other
uthors: 5.110−24 cm2 s for bismuth-doped
a2O-CaO-MgO-Al2O3-SiO2 glass [9], 6.110−24 cm2 s
or bismuth-doped Li2-Al2O3-SiO2 glass [11], 4.2
10−24 cm2 s for bismuth-doped GeO2-Al2O3 glass [17],
nd 6.110−24 cm2 s for bismuth-doped
eO2-Al2O3-Na2O glass [15]. The em reported by these
uthors was calculated using a similar method to this pa-
er; however, the measured lifetime rather that the radia-
ive lifetime was used. These reports may therefore be an
verestimate if the QE is less than 100%.
Since optical gain of 3.65 dB at 1270 nm under 974 nm
xcitation has been demonstrated in GAB glass [13], the
7-fold increase in em obtained with the addition of 3%
bO to GAB glass is highly significant because it implies
hat a much larger optical gain could be demonstrated in
he glass; this will be the subject of further work after ad-
itional enhancement of the glass composition and fabri-
ation process.
. MODEL OF EMISSION
he following differences have been observed between the
mission properties of the 800 nm absorption band to the
00, 700, and 1000 nm absorption bands.
• Emission peaking at 1250 nm rather than 1100 nm.
• Different dependence of emission FWHM as a func-
tion of the PbO content.
• Different trend in emission lifetime as a function of
the PbO content.
• Different dependence of lifetime as a function of the
emission wavelenth.
The different emission wavelength and the different
ifetime dependence of the emission wavelength (Fig. 7)
ndicate that the 1250 nm emission band observed under
00 nm excitation is a different emission band to the
330 nm emission band observed under 974 nm excitation
Fig. 2(b)]. The fact that the 1250 nm emission band, ob-
erved under 800 nm excitation, is present in all PbO con-
ent glasses, whereas the 1330 nm emission band ob-
erved under 974 nm excitation is observed only in the 0%
bO glass, also backs up this hypothesis. We therefore
ropose that the 500, 700, and 1000 nm absorption bands
re associated with the same bismuth emission center
emission center A) and the 800 nm absorption band is as-
ociated with a different emission center (emission center
). However, because there are some similarities between
he 500 and 800 nm absorption bands such as the longer
mission wavelength at certain PbO concentrations under14 nm excitation, and in the emission FWHM as a func-
ion of the PbO content, we propose that emission center
may also accommodate a 500 nm absorption band.
. CONCLUSIONS
he characteristic absorption bands of bismuth, centered
t 500, 700, 800, and 1000 nm, were observed in bismuth-
oped GAB and GAPB glass. The addition of PbO to GAB
lass was found to decrease the strength of the absorption
ands attributed to bismuth; this indicates that PbO
elps bismuth to be incorporated into the glass in an op-
ically inactive form. Four emission bands at 1005, 1100,
330, and 1475 were observed with 974 nm excitation in
APB glasses with a PbO content of 0%–24%. Excitation
nto the 500, 700, and 1000 nm absorption bands yielded
roadly similar emission spectra and lifetime properties
s a function of the PbO content of the glass; it is there-
ore suggested that these absorption bands belong to the
ame bismuth emission center. Because some fundamen-
al differences were observed in the emission spectra and
ifetime properties as a function of PbO when exciting
nto the 800 nm absorption band, it is suggested that this
bsorption band belongs to a separate bismuth emission
enter. We made a detailed measurement of the QE of
APB glass as a function of the PbO content; to the best
f our knowledge this is the first compositional dependent
E measurement for a bismuth-doped glass. The addition
f the appropriate proportion of PbO to GAB glass re-
ulted in a 50% increase in lifetime, a 20-fold increase in
E, and a 28-fold increase in em.
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